Epidemiological data indicate an increased incidence of asthma in overweight adults and children. Ozone (O 3 ) is a common trigger for asthma Accordingly, the purpose of this study was to compare O 3 -induced airway hyperresponsiveness (AHR) and airway inflammation in lean, wildtype (C57BL/6J) mice and mice obese as a consequence of a genetic defect in the gene encoding the satiety hormone leptin (ob/ob mice). Ob/ob mice eat excessively, and weighed more than twice as much as age and gender matched wildtype mice. Airway responsiveness to intravenous methacholine was measured by forced oscillation. In air exposed controls, baseline pulmonary resistance (R L ) was greater and the dose of methacholine required to double R L was lower in ob/ob than wildtype mice. Exposure to O 3 (2 ppm for 3 h) caused AHR and airway inflammation in both groups of mice, but responses to O 3 were enhanced in ob/ob compared to wildtype mice. Administration of exogenous leptin did not reverse the enhanced inflammatory response observed in ob/ob mice but augmented airway inflammation in wildtype mice. The inhaled dose of O 3 per gram of lung tissue was greater in ob/ob than wildtype mice. Our results indicate that O 3 -induced airway responses are enhanced in ob/ob mice, and suggest that inhaled O 3 dose may be one factor contributing to this difference, but other aspects of the obese phenotype may also contribute. Our results also indicate that the hormone leptin, which is increased in the obese, has the capacity to increase airway inflammation.
INTRODUCTION
Epidemiological data indicate an increased incidence of asthma, wheezing, and bronchial hyperreactivity in overweight or obese adults and children (9, 17, 20, 29, 45) . It is possible that asthmatics are more prone to obesity because of reduced exercise. However, it is more likely that obesity leads to asthma, since longitudinal studies controlling for potential confounders, including physical activity, indicate that the relative risk of incident asthma increases progressively with increasing obesity and that obesity antedates asthma (7, 8) . Furthermore, morbidly obese asthmatics studied after dieting or gastric surgery not only demonstrate a marked reduction in body weight, but also decreased severity of asthma and decreased asthma symptoms (13, 48) .
Ozone (O 3 ) is a trigger for asthmatic episodes. The number of hospital admissions for asthma increases on days of high ambient O 3 concentrations (14, 51) . O 3 exposure causes airway hyperresponsiveness (AHR) and airway inflammation in both humans and animals (11, 18, 23, 34, 44, 46, 60) , and these effects are likely to worsen asthmatic episodes. The purpose of this study was to determine whether obesity enhances the AHR and/or airway inflammation induced by O 3 . To that end, we used mice with a genetic defect in the gene encoding leptin, a satiety hormone produced in adipocytes (ob/ob mice). Because of their inability to produce leptin, ob/ob mice eat excessively and are markedly obese (25) . Our results indicated that O 3 -induced AHR and airway inflammation are increased in ob/ob compared to lean wildtype mice.
To determine whether differences between ob/ob and wildtype mice were the direct result of their leptin deficiency, rather than some other aspect of the ob/ob mouse phenotype, we also acutely administered exogenous leptin to wildtype and ob/ob mice prior to air or O 3 exposure and examined effects of this hormone on bronchoalveolar lavage (BAL) cells and cytokines.
METHODS

Animals: This study was approved by the Harvard Medical Area Standing Committee on
Animals. Male and female mice aged 8-12 weeks at the time of study were purchased from The Jackson Laboratory (Bar Harbor, ME). Ob/ob mice have a single base pair mutation in codon 105 of the leptin gene that results in a premature stop codon (61) . In the absence of leptin, the mice eat excessively and are severely obese as early as 4 weeks of age. The increased body weight is entirely the result of an increase in fat mass. Because the mutation is expressed on a C57BL/6J background, wildtype C57BL/6J mice were used as controls.
Ozone exposure: Exposure to O 3 (2 ppm for 3 hours) or filtered room air was conducted in a stainless steel chamber with a plexiglass door on the front (approximately 145 liters in volume). O 3 was generated by passing dry 100% oxygen through ultraviolet light, and mixing it with filtered room air in the chamber. Chamber atmosphere was drawn continuously via a sampling port, and O 3 concentration measured by an O 3 chemiluminescent analyzer (Model 49, ThermoElectron Instruments, Hopkinton, MA), which was calibrated by an ultraviolet photometric O 3 calibrator (Model 49PS, Thermoelectron Instruments, Hopkinton, MA). During air or O 3 exposures, mice were placed in individual wire mesh cages within the chamber and were awake during the exposure.
Protocol: Ob/ob and wildtype mice were exposed to O 3 (2 ppm for 3 hours) or to filtered air.
Twenty four hours later, mice were anesthetized, instrumented for the measurement of pulmonary mechanics by the forced oscillation technique, and airway responsiveness to intravenous methacholine was measured. We chose to examine airway responsiveness 24 hours after the cessation of O 3 exposure based on previous reports using this species (36, 60) . Bronchoalveolar lavage (BAL) was performed either 4 or 24 hours after the cessation of O 3 exposure in a separate cohort of mice. We used the 24 hour time point to correspond to that used for measurements of pulmonary mechanics and because BAL polymorphonuclear leukocytes (PMN) and protein peak at this time. We used the 4 hour time point to capture O 3 -induced changes in BAL cytokines which peak earlier than PMN and protein and then decline (vide infra).
We also examined the effect of exogenous saline or leptin administration on O 3 induced airway inflammation to determine whether exogenous leptin could reverse the effects observed in leptin deficient ob/ob mice. For these experiments C57BL/6J and ob/ob mice were divided into two groups. One group received 2 i.p. injections of leptin (2.5 µg/g) on day 1 spaced 3.5 hours apart. On day 2, this group again received 2 injections of leptin. The first was administered 0.5 hours prior to initiation of O 3 (2 ppm for 3 hours) or air exposure. The second injection was administered just after cessation of the exposure. Mice were killed and BAL was performed four hours after cessation of O 3 . The second group was treated identically except that the mice were given injections of saline rather than leptin. The dose of leptin was chosen based on published data indicating its efficacy in reducing food consumption (5, 37, 38) . To confirm that leptin levels were still elevated at the time the BAL was performed, blood was drawn at the end of the experiment by cardiac puncture, and the serum stored at -20 o C until assayed for leptin by radioimmunoassay (Lincor, St. Louis, MO).
A final series of experiments was performed to determine whether differences in O 3 -induced AHR or airway inflammation between wildtype and ob/ob mice could be the result of differences in the inhaled dose of O 3 resulting from differences in minute ventilation (V . E ) during exposure (47) . For these experiments, V . E , tidal volume (V T ), breathing frequency (f), and end expiratory pause (EEP) were measured under baseline conditions and/or during O 3 exposure in mice placed in nose-only exposure plethysmographs as previously described (46, 47) . Some of these mice were killed at least 1 week after O 3 exposure, and the lungs and the heart were excised and weighed. 
Measurement of pulmonary mechanics:
Measurement of minute ventilation:
To measure ventilation during O 3 exposure, mice were placed in a Plexiglas restraining tube that served as a head-out flow plethysmograph, as previously described (46, 47) . Different sized tubes were used for lean and obese mice. The tube was fitted with a rubber gasket designed to fit snugly around the animal's neck. Once the animal was in the tube, a large piston fitted with a rubber O-ring was moved into place behind it, thus restraining the animal's movement. Air displaced at the body surface as the animal breathed passed across a pneumotach attached to a differential pressure transducer. The front end of the tube was inserted into a port in the O 3 exposure chamber, and the animals were exposed nose only. The flow signal from the pneumotach was fed to a personal computer and analyzed using software (BUXCO Electronics Inc., Sharon, CT) that allowed for breath by breath measurements of V . E , V T , f, and EEP. assessed by ANOVA. In each case, follow up t-tests were used to determine the significance of differences between individual groups. Differences in serum leptin were assessed by unpaired ttests. Statistical analyses were carried out using SAS software (SAS Institute, Cary, NC). In order to determine whether differences in responses to O 3 observed in ob/ob mice were the direct result of these animals' leptin deficiency or due to some other aspect of the phenotype of these mice, we examined the ability of leptin to reverse changes in O 3 -induced inflammation that were observed in ob/ob mice (Fig.3) . As described above, exposure to O 3 (2 ppm for 3 h) induced greater increases in BAL protein, eotaxin, KC, MIP-2, and IL-6 in ob/ob mice treated with saline than in wildtype mice treated with saline, whereas PMN were not affected. However, no significant differences were observed between leptin-treated and saline-treated ob/ob mice exposed to either air or O 3. In contrast, O 3 -induced changes in BAL IL-6, KC, and protein were greater in leptin treated than in saline treated wildtype mice (Fig.3) . A similar trend was observed for eotaxin and MIP-2, although the effects were not statistically significant. After the experiments were terminated, blood was drawn. Serum leptin levels averaged 27.9 + 4.3 ng/ml in leptin treated wildtype mice, but only 5.1 + 1.7 ng/ml in saline-treated wildtype mice (p < 0.01). exposure caused a decrease in V . E in both saline-and leptin-treated wildtype mice, but there was no significant difference in the response between groups (data not shown). These results indicate that the inhaled dose of O 3 was not different in saline-and leptin-treated wildtype mice and that differences in dose cannot account for the increased O 3 -induced airway inflammation observed in leptin treated wildtype mice (Fig.3) .
RESULTS
DISCUSSION
Our results indicate that O 3 -induced AHR and O 3 -induced airway inflammation are enhanced in ob/ob mice (Figs1,2) . Moreover, the difference in the inflammatory response to O 3
is not corrected by acute exogenous administration of leptin (Fig.3) (Fig.3 ).
We observed a small but significant increase in R L in ob/ob compared to wildtype mice (Table 1) . Lung volumes are reduced in ob/ob mice (49) and it is likely that the increase in baseline R L is the result of this reduction in lung volume since airway diameter is strongly influenced by lung volume. Indeed in obese humans, there is a linear correlation between changes in airway conductance and functional residual capacity (59) . In obese humans, the reductions in lung volume associated with obesity are thought to result from gravitational effects resulting from the increased abdominal load (58) . However, we observed a decrease in the actual mass of the lung in leptin deficient ob/ob mice despite their marked increase in body weight, suggesting that simple gravitational effects likely do not explain all of the reduction in lung volume observed in these mice. Rather it may be that leptin is required for lung growth (3), since leptin receptors are present in developing prealveolar acini of fetal lungs (2) , and since leptin stimulates surfactant synthesis in fetal lung cells (2, 52) , as well as proliferation of tracheal epithelial cells (53) . Alternatively, reductions of the volume of the thorax as a result of the increased abdominal mass and even the accumulation of fat between the lungs and the rib cage may limit lung growth and development in ob/ob mice, since obesity is present very early on.
Airway responsiveness was increased in ob/ob compared to wildtype mice even in the absence of O 3 exposure (Fig.1 ). An association between increased BMI and onset of AHR has also been observed in a longitudinal study of aging in humans (26) . Breathing at low lung volume has been shown to augment airway responsiveness both in animals and in man (12) .
Ob/ob mice do breathe at lower lung volumes than wildtype mice (49), but in our study, lung volume was fixed by opening the chest wall and applying a standard amount of PEEP.
Furthermore, the lower lung volume of ob/ob mice is the result of a smaller lung. It is not clear that small lungs per se should lead to AHR, although immature animals usually have airway hyperresponsiveness compared to adults. In both obese humans (24, 35, 56) and obese mice (19, 55) , there is chronic systemic inflammation even in the absence of any overt inflammatory insult. Although we did not note any differences in BAL cytokines in the ob/ob compared to wildtype air exposed mice (Fig.2) , it is possible that differences existed but were below the limit of detection of the assays used. The relationship between airway inflammation and AHR is quite complex and it is clear that AHR can occur in the absence of airway inflammation (6), particularly under conditions that promote airway remodeling (6, 10) . However multiple stimuli that promote airway inflammation also promote airway hyperresponsiveness (6), and it is possible that the AHR observed in the air exposed ob/ob mice may be the result of low grade inflammation.
It is unlikely that differences in tidal stretching of airway smooth muscle account for the difference in baseline airway responsiveness between the air exposed ob/ob and the wildtype mice. Fredberg et al. (15) (Fig.1) is a consequence of the increase in airway inflammation (Fig.2) . It is unlikely that the enhanced O 3 -induced airway inflammation observed in the ob/ob mice is the direct result of leptin deficiency, since treating ob/ob mice with leptin did not restore O 3 -induced inflammation to that observed in wildtype mice (Fig.3) . Instead, our results suggest that the changes observed in ob/ob mice resulted from an effect of chronic leptin deficiency, such as obesity per se, or reduced lung size, that could not be reversed with acute leptin treatment.
Although the inhaled volume of O 3 was the same in ob/ob and wildtype mice, a greater dose of O 3 per gram of lung tissue was actually delivered to the obese mice, since their minute ventilation was essentially the same as the wildtype mice, but their lungs were smaller. Such differences in dose could have accounted for at least part of the differences in O 3 -induced inflammation and AHR. It will ultimately be important to examine other murine models of obesity in which lung growth is not impacted to determine whether the reduced lung size of the ob/ob mouse accounted for the differences in response to O 3 or whether other aspects of the obese phenotype also contribute. For example, chronic systemic inflammation in the obese (19, 24, 35, 55, 56) , may amplify subsequent inflammatory responses.
One of the most interesting results of this study was the observation that in wildtype mice, exogenous leptin increased O 3 -induced cytokine and protein release into BAL fluid (Fig.3) . To our knowledge, this is the first report of pro-inflammatory effects of leptin in the lung in vivo, although leptin has also been shown to enhance inflammatory and/or immune responses in other organs. For example, treatment of mice with exogenous leptin has been shown to augment the inflammatory and fibrogenic response of the liver to hepatotoxic chemicals (21) . Leptin treatment has also been shown to render mice more susceptible to the development of autoimmune encephalomyelitis after immunization with myelin-derived peptides (32) . The tertiary structure of leptin resembles that of many cytokines, and the leptin receptor has close homology to class I cytokine receptors along with JAK/STAT signaling capabilities (50) . Hematopoietic cells express leptin receptors, and bone marrow cells cultured in the presence of leptin demonstrate growth of granulocyte-macrophage colonies (16, 54) . The leptin receptor is also expressed in CD4+ T cells, and both mouse and human T cells respond to leptin with increased proliferative responses to mitogenic stimuli and increased production of some cytokines (28, 31) . Peritoneal macrophages also express leptin receptors and respond to leptin administration with an increase in LPS-stimulated TNF-α, IL-6 and IL-12 production (16, 27) . In human monocytes, leptin induces the expression of activation markers, causes proliferation, and increases IL-6 and TNF-α expression (43) . In summary, our results demonstrate increased airway responsiveness in ob/ob mice.
While the reduced lung size of these mice may contribute to part of this difference in responsiveness, it is possible that low grade systemic inflammation also plays a role. Our results also demonstrate that both O 3 -induced AHR and O 3 -induced airway inflammation are enhanced in ob/ob mice. Differences in inhaled O 3 dose consequent to differences in lung size may account for some of these changes. As such, the effects of leptin on lung growth may confound use of this leptin deficient model of obesity for understanding the relationship between obesity and asthma. Other models in which obesity develops without attendant effects on lung size may prove more useful. However, the results suggest the possibility that the obese may represent an "at risk" population in terms of their susceptibility to air pollutants.
Our results also indicate that leptin has the capacity to augment O 3 -induced airway inflammation. Given that leptin is produced in proportion to adipocyte mass and that leptin concentrations are 4-6 times greater in severely obese compared to lean human subjects (30, 41) , it is possible that differences in serum leptin may also promote allergic airway inflammation and asthma. In this respect, it is interesting to note that the association between obesity and asthma is stronger in females than in males (9, 20) . Similarly, for equivalent BMI, leptin levels are higher in women than in men (41).
. 
FIGURE LEGENDS
Figure1: Airway responsiveness to intravenous methacholine in wildtype and ob/ob mice exposed to air or O 3 (2 ppm for 3 hours). Measurements were made 24 hours after exposure.
Results are mean + SE of data from 6-7 mice in each group. * p<0.05 compared to air exposed mice in the same group. #p<0.05 compared to wildtype mice in the same exposure group. 
